Background: Dietary glycemic index (GI) and glycemic load (GL) have been related to the risk of selected cancers, but the issue remains open.
introduction
Several lines of evidence suggest a potential role of glucose and insulin in promoting tumor growth [1, 2] . Hence, it has been suggested that the nature of the carbohydrates consumed may play a role in carcinogenesis [3] . The glycemic index (GI) is a classification of carbohydrate-rich foods based on postprandial blood glucose responses, dependent upon the nature of the carbohydrate and the type and extent of food processing [4] . Compared with low GI foods, high GI foods result in larger fluctuations of blood glucose and insulin for the same amount of carbohydrate ingested. Low GI diets compared with high GI diets may improve glycemic control, leading to lower insulin output and inflammatory responses as well as lower the risk of several chronic diseases, including cancer [5, 6] . In a recent meta-analysis of prospective studies, Dong et al. found a direct relationship between the dietary GI and breast cancer risk [7] , but this was not confirmed by Mulholland et al. [8] . Likewise, other meta-analyses of several cancer sites found no association of either GI or GL with colorectal or pancreatic cancer risk [9] , but found a positive association of GL with endometrial cancer risk [10] , while two comprehensive metaanalyses of all major cancer sites found direct associations of GI with breast cancer [6] and with colorectal and endometrial cancers [11] .
Only one study [12] was able to address the risk of several cancer sites in relation to GI and GL in the same dataset. The present study, therefore, assessed the association of the dietary GI and GL with the risk of cancers from a Canadian nationwide population-based case-control study, the National Enhanced Cancer Surveillance System (NECSS). This is, therefore, one of the few available datasets addressing the role of GI and GL in several cancer sites.
methods
The NECSS collected individual data from a population-based sample that covered 19 types of cancers (most common cancers were included) and population controls in the Canadian provinces of British Columbia, Alberta, Saskatchewan, Manitoba, Ontario, Prince Edward Island, Nova Scotia and Newfoundland. The present study did not include cases of colon, rectum and bladder cancers from Ontario as the use of data for this province was restricted. The decision was made before the project started. controls Individuals without cancer were selected from a random sample within each province, with an age/sex distribution similar to that of all cancer cases in the NECSS. The strategies for selecting population controls varied by province, depending on data availability and accessibility. In Prince Edward Island, Nova Scotia, Manitoba, Saskatchewan and British Columbia, age group-and sex-stratified random samples of the population were obtained through the provincial health insurance plans. In Ontario, Ministry of Finance data were used to obtain stratified random samples. Newfoundland and Alberta used random digit dialing to obtain population samples.
Of 8117 questionnaires sent to potential controls, 573 were returned because of wrong address; of the remainder, 5039 (2547 men and 2492 women) were completed, corresponding to 62.1% of controls ascertained and 66.8% of controls contacted.
data collection
The cancer registries identified most cases within 1-3 months of diagnosis through pathology reports. After obtaining physician's consent, questionnaires were mailed to cancer cases and controls by the cancer registries. If a questionnaire was not completed and returned, a reminder postcard was sent after 14 days, and a second copy of the questionnaire was sent at 4 weeks. After 6 weeks, telephone follow-up was used, if required, to complete the questionnaire. Information was collected on the socioeconomic status, height, weight, smoking history, alcohol drinking, physical activity, menstrual and reproductive history, and diet. For weight, we collected information on how much each subject weighed 'about 2 years ago'. For cigarette smoking, we defined ever smokers as people who smoked at least 100 cigarettes in their entire life. Information on recreational physical activity 2 years before the study included session frequency, season of participation and average time per session for each of 12 categories of the most common types of moderate and strenuous leisure-time physical activities.
Dietary information was derived from a food frequency questionnaire (FFQ), based on two validated instruments: the short block questionnaire [14] and the Willett questionnaire [15] , with minor modifications to account for differences in Canadian and American diets. The FFQ was used to ascertain usual dietary intakes 2 years before participants' enrollment in the study. The FFQ included 69 specific foods and beverages, and was grouped into eight sections: (i) breads and cereals; (ii) meat, poultry, fish, eggs and cheese; (iii) vegetables; (iv) fruits; (v) sweets; (vi) miscellaneous such as peanut butter and nuts; (vii) beverages made with water such as coffee, tea and juices and (viii) other beverages, for example, soft drinks, beer, wine and liquor. For each food item, cases and controls were asked to describe how often ( per day, per week, per month), on average, they consumed the specified serving size. A nutrient database based on the 2005 version of the Canadian nutrient file was used to estimate nutrient and total energy intake [16] .
To compute the average daily GI and glycemic load (GL), we assigned GI values to the 45 carbohydrate-containing foods or food groups from the FFQ. These were based on the recent international tables of GI and GL [17] , and the GI values of foods typically found on the Canadian market were preferentially chosen from the international tables. The GI was expressed as a percentage of the glycemic response elicited by white bread as a standard food with a GI of 100. The average daily GI for a subject's diet was computed by summing the products of the GI value of each food times the amount of available carbohydrate; then divided by the total amount of available carbohydrates consumed per day. The average daily GL (g) was calculated by summing the products of the GI value of each food times the amount of available carbohydrates consumed per day divided by 100. Each GL unit represents the equivalent of 1 g of carbohydrate from white bread.
statistical analysis
The dietary GI and GL were categorized by quartiles based on the distributions among the controls. Unconditional logistic regression was used to estimate odds ratios (ORs), and the corresponding 95% confidence intervals (CI), including terms for sex (excluding sex-specific cancers), age group (20-49, 50-59, 60-69, ≥70), province, education (≤8, 9-13, ≥14 years), body mass index (BMI, <25, 25-29.99, ≥30 kg/m 2 ), total alcohol consumption (g/day), pack-years smoking and energy intake (noncarbohydrate and alcohol), and number of live births and years of menstruation for ovarian cancer, and age at menarche, number of live births and age at first pregnancy for breast cancer. The analyses for colon and rectal cancers were also adjusted for physical activity. Confounding variables, except for the age group, province, BMI and sex, were treated as continuous variables.
results Table 1 shows the mean daily GI and GL and the corresponding standard deviations for cases, by cancer sites, and controls, stratified by sex. Table 2 presents the ORs and the corresponding 95% CI of selected cancers according to quartiles of dietary GI and GL. The GI was positively associated with prostate cancer: the OR was 1.26 (95% CI 1.03-1.54) for the highest versus the lowest quartile. The GL was significantly associated with colorectal cancer (CRC), the OR for the highest versus the lowest quartile being 1.28 (95% CI 1.05-1.57). When the analyses were separated by subsite, the GL was significantly associated with the risk of rectal cancer only; the OR for the highest versus the lowest quartile was 1.44 (95% CI 1.12-1.85). For pancreatic original articles Annals of Oncology cancer, the OR for the highest versus the lowest quartile of GL was 1.41 (95% CI 1.02-1.95). No significant associations were found with cancers of the stomach, liver, lung, breast, ovary, testis, kidney, bladder, brain, NHL, leukemia and multiple myeloma. When we added total vegetable and fruit intake to the models, the results did not appreciably change (data not shown). No significant association was observed with carbohydrate intake.
When the analyses for cancers with positive results were stratified by age, sex, BMI and smoking status (supplementary Table S1 , available at Annals of Oncology online for online presentation), the risk of both colon and rectal cancers for dietary GL were apparently stronger in men. The risk of colon cancer was apparently stronger in ever smokers, whereas the risk of rectal cancer was apparently stronger in subjects aged <65 years, normal weight and never smokers. However, the interactions with age, sex, BMI and smoking status were not significant (P > 0.05). The risk of pancreatic cancer was apparently stronger in women for GI, and in subjects with overweight and obesity for GL (P for interaction for both sex and BMI, >0.05). The associations of the GI and prostate cancer was more pronounced in subjects <65 years of age and ever smokers, again in the absence of significant heterogeneity. We also looked at strata of GI and GL by physical activity and BMI combined, i.e. overweight/obese individuals with low physical activity (<1 h/week), as a proxy of higher insulin resistance states. We found no relevant effect modification for colon and rectal cancers, although the number of cases in each category was small (311 colon cancer cases and 249 rectal cancer cases).
discussion
In this large, nationwide population-based case-control study, a high GI was positively associated with the risk of prostate cancer. The GL was associated with the risk of colorectal (mainly rectum) and pancreatic cancers. No significant associations were found with cancers of the stomach, liver, lung, breast, ovary, testis, kidney, bladder, brain, NHL, leukemia and multiple myeloma.
Numerous studies have investigated the dietary GI and GL as potential risk factors in several cancers, but only a cohort study [12] considered a large number of malignant neoplasms in the same dataset. Most attention has been focused on cancers of the colorectum. A case-control study from Italy reported that GI and GL were positively associated with CRC [18] . The women's health study also found that a higher dietary GL was positively related to CRC in women [19] . However, no associations between GI, GL and CRC were found in other cohort studies [12, [20] [21] [22] . A recent meta-analysis suggested that dietary GI and GL were associated with increased risk of CRC [11] , but this was not confirmed by two other meta-analyses [6, 9] .
A multicenter case-control study from Italy reported that high GI diets were positively associated with pancreatic cancer; the association was more pronounced in women, under the age of 65 years, and ever smokers [23] . Similarly, our study showed a positive association in women, but not in men, though in the absence of significant difference between sexes. We also found that the GL was positively associated with the risk of pancreatic cancer, mainly in overweight and obese subjects. A cohort and low physical activity [24] . However, the prostate, lung, colorectal and ovarian cancer screening study observed an elevated risk of pancreatic cancer for available carbohydrate intake during the first 4 years of follow-up, but not subsequently [25] . Most cohort studies did not find dietary GI and GL related to pancreatic cancer [12, 24, 26] . Direct associations of dietary GI and GL with risk of breast cancer were observed in some case-control [27] and cohort studies [28] . However, other case-control and cohort studies found no association [12, 29, 30] , in agreement with the present one. Recently, two meta-analysis found that GI, but not GL, significantly increased the risk of breast cancer [6, 7] , but this was not observed in other meta-analyses [8, 11] . Cohort studies indicated that the dietary GL was directly related to the risk of breast cancer in pre- [28, 31] and postmenopausal women, but such associations were not reproduced in other cohort studies [30, 32] . At least two reasons could explain some of the inconsistent results between GI and/or GL and breast cancer risk: most studies were not designed to assess GI and GL, and correlates of GI and GL in various populations may differ.
A case-control study from Italy reported that GI and GL were positively associated with the risk of prostate cancer [33] , in agreement with our study. However, similar associations were not observed in three US cohort studies [6, 34, 35] .
A case-control study reported that diets with a high GI and GL were associated with ovarian cancer [36] . Other casecontrol and cohort studies found that the GL was related to an increased risk of ovarian cancer only in overweight or obese women [37, 38] . However, such an association was not observed in another cohort study [12] , in agreement with the present investigation.
Two case-control studies from Italy reported that GI and GL were positively related to stomach cancer [39, 40] . However, these findings were not supported by cohort [41] and casecontrol studies [42] , in broad agreement with the present results. Italian and Greek case-control studies reported that a higher dietary GL was associated with an increased risk of liver cancer, and the association was stronger in the presence of hepatitis B virus and/or hepatitis C virus markers [43, 44] . A case-control study from Italy also found that diets with higher GI and GL were positively associated with the risk of renal cell carcinoma [45] . However, this was not supported by other studies [12] , including ours. In addition, our results did not show any associations with several other cancers, consistently with another cohort study from North America [12] .
Our data did not show any material associations of GI with any of the cancers considered, with the exception of a moderate association with prostate cancer. This implies that more than the type of carbohydrate (GI) it is the amount plus type (GL) that counts.
Diets high in GI or GL result in higher levels of blood glucose and insulin, which can promote glucose intolerance, insulin resistance and hyperinsulinemia [46] . Insulin may affect cancer development by exerting mitogenic effects, directly and indirectly by affecting insulin-like growth factors (IGF) binding proteins (IGFBPs) and increasing the bioactivity of IGF-I [47] . Insulin and IGF-I also inhibit apoptosis [48] . Some, but not all, epidemiological studies [49, 50] showed that circulating levels of glucose, insulin and IGF-I or plasma C-peptide were positively associated with the risk of colorectal, breast, pancreas and prostate cancers [51] [52] [53] [54] . A collaborative analysis of 17 prospective studies from 12 countries found that plasma concentrations of IGF-I were positively associated with breast cancer risk [55] . Four meta-analyses indicated that high circulating IGF-I concentrations were associated with the risk of premenopausal breast cancer, colorectal [56] and prostate cancers [56] [57] [58] . Another meta-analysis indicated that increased pre-diagnostic serum levels of insulin and glucose were related to the development of colorectal and pancreatic cancers [59] . Wang et al. (2009) reported that a high sucrose diet play a role in intestinal epithelial cell proliferation and tumorigenesis [60] , by increasing circulating levels of insulin and IGF-I in mice. Diabetes, a condition preceded by long- , alcohol consumption (grams/day), pack-year smoking and energy intake (non-carbohydrate and alcohol); adjusted for strenuous and moderate activity for colon and rectal cancers; adjusted for number of live births and years of menstruation for ovarian cancer, number of live births and age at first menstruation for premenopausal breast cancer and number of live births and age at the end of first pregnancy for postmenopausal breast cancer. Note: The GI was expressed as a percentage of the glycemic response elicited by white bread as a standard food with a GI of 100.
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term hyperinsulinemia, has been associated with increased risk of colorectal, liver, pancreas, endometrium and perhaps postmenopausal breast cancers [61, 62] . The NECSS is a large population-based study from 8 of 10 Canadian provinces, based on a widely used and validated FFQ [14, 15] . The possibility recall bias cannot be excluded. However, nondifferential misclassification between cases and controls in most instances would bias the ORs towards unity [63] . Cases might report their food intake differently than controls. However, knowledge of this possible relation between carbohydrate intake and cancer risk was limited in the general Canadian public at the time of data collection. Furthermore, it has been shown that recall of FFQ data by controls is satisfactorily reproducible [64] . Selection bias might also have been introduced into our data. About 10% of the cancer cases (who were too ill or had died) were not included in this study. However, 71% of cases and 67% of controls participated. This response rate is satisfactory for a population-based casecontrol study. The present results are, therefore, unlikely to be substantially influenced by selection bias.
A possible limitation of this study is that the GI and GL values were derived from a limited variety of food items listed in the FFQs, and this may limit the corresponding detectable range. Although our FFQ was not specifically designed to study the dietary GI, it included 45 carbohydrate food categories with different GIs (i.e. not overlapping). For example, rice, a high GI food, was a separate item from pasta, a medium-low GI food, and from combined beans and lentils, both low GI foods. In addition, we were unable to allow total fiber as a possible confounder in the analysis, which was inversely correlated with the GL.
In addition, considering the main analyses for a total of 38 tests for trends, we found four results to be significant at p < 0.05, which is higher than the expected 2 out of 38 associations. However, the possibility of chance findings must be borne in mind when interpreting our results.
In conclusion, this investigation suggests that diets high in GI and GL may be associated with an increased risk of selected digestive tract and prostate cancers. 
